Optical coherence microscopy ͑OCM͒ is an interferometric method for acquiring high-resolution, depth-resolved, en face images. In this article we demonstrate a fiber-based OCM system with analog fringe generation and signal demodulation. A high power operational amplifier drives a mirrored piezoelectric stack mounted in the reference arm of the interferometer causing a displacement equal to 0.42 times the light source center wavelength. The drive signal is synchronized with the demodulation frequency of two analog lock-in amplifiers which extract the first and second harmonics of the interferometric component of the signal. Four outputs ͑X and Y components of first and second harmonics͒ are acquired with a data-acquisition board and combined to eliminate the slow phase drift in the interferometer. A sample image of carrot tap root is presented. High dynamic range images are obtained at acquisition speeds up to 40 000 pixels/ s. Optical coherence tomography ͑OCT͒ and optical coherence microscopy ͑OCM͒ are noninvasive biomedical imaging techniques based on Michelson interferometry theory. Both techniques can provide depth-resolved images in highly scattering tissue up to a depth of approximately 2 mm. OCT normally employs relatively large depth of focus optics in the sample arm to perform depth priority scanning, which results in low lateral image resolution ͑10-20 m͒. OCM is an en face priority scanning imaging technique with high numerical aperture sample arm optics, which allows for high lateral resolution ͑1-10 m͒ three-dimensional imaging. In both methods, axial resolution is a function of the source coherence length and generally ranges from 2 to 20 m. Researchers have presented results using OCM to image botanical subjects, Unlike open beam OCM systems, 8 fiber-based OCM systems have a unique problem-a slow phase drift of the coherence signal due to relative optical path-length changes in the reference and sample arms of the interferometer. Temperature variation in the optical fibers is a major contributor to these pathlength changes. A detection scheme was suggested 9 to remove the fiber phase instability by combining the first-and second-harmonic electronic signal powers with reference mirror oscillation amplitude equal to 0.42 of light center wavelength. To implement this design, various methods of obtaining first-and second-harmonic power have been described; 1,6,10 one technique uses band pass filters centered at the first and second harmonics, followed by rms power meters. 1, 6 The low dynamic range and slow speed of the rms meters and the difficulty separating the first and second harmonics with band pass filters limits the capability of this method to produce high-speed, high dynamic range images.
Optical coherence tomography ͑OCT͒ and optical coherence microscopy ͑OCM͒ are noninvasive biomedical imaging techniques based on Michelson interferometry theory. Both techniques can provide depth-resolved images in highly scattering tissue up to a depth of approximately 2 mm. OCT normally employs relatively large depth of focus optics in the sample arm to perform depth priority scanning, which results in low lateral image resolution ͑10-20 m͒. OCM is an en face priority scanning imaging technique with high numerical aperture sample arm optics, which allows for high lateral resolution ͑1-10 m͒ three-dimensional imaging. In both methods, axial resolution is a function of the source coherence length and generally ranges from 2 to 20 m. Researchers have presented results using OCM to image botanical subjects, [1] [2] [3] skin, 4 gastrointestinal tissues, 5 and embryos. 6, 7 Unlike open beam OCM systems, 8 fiber-based OCM systems have a unique problem-a slow phase drift of the coherence signal due to relative optical path-length changes in the reference and sample arms of the interferometer. Temperature variation in the optical fibers is a major contributor to these pathlength changes. A detection scheme was suggested 9 to remove the fiber phase instability by combining the first-and second-harmonic electronic signal powers with reference mirror oscillation amplitude equal to 0.42 of light center wavelength. To implement this design, various methods of obtaining first-and second-harmonic power have been described; 1, 6, 10 one technique uses band pass filters centered at the first and second harmonics, followed by rms power meters. 1, 6 The low dynamic range and slow speed of the rms meters and the difficulty separating the first and second harmonics with band pass filters limits the capability of this method to produce high-speed, high dynamic range images.
Driscoll 10 implemented the OCM demodulation scheme with digital signal processing ͑DSP͒ method. The coherence signal is sampled at a very fast rate ͑at least 8 times the piezo modulation frequency 10 ͒ and the first-and second-harmonic electronic signal powers are calculated and combined. While this method can enable rapid, high dynamic range imaging, a typical DSP implementation is an order of magnitude more expensive than the solution presented in this article. We present a customized analog signal processing ͑ASP͒ method for extracting the first-and second-harmonic in-phase and quadrature amplitudes. This analog demodulation method is low cost, is real time, and provides excellent image quality.
The block diagram of our OCM system is shown in Fig.  1 . The light source is a superluminescent diode ͑SLD͒ centered at = 840 nm with 48 nm full width at half maximum ͑FWHM͒ bandwidth and 7 mW optical power ͑SLD-371-HP-DIL-SM-PD, Superlum Diodes Ltd., Russia͒ with a coherence length and theoretical axial resolution of 6.5 m in air or approximately 4.5 m in tissue assuming a 1.4 index of refraction ͑n͒. The light intensity is split by a 50: 50 fiber coupler into sample arm and reference arms. In the sample arm, light from the fiber is collimated. A set of galvanometermounted mirrors perform en face scanning. The galvanometers are controlled by the computer to synchronize scanning and data sampling. A 20ϫ infinity-corrected microscope objective ͑NT46-145, Mitutoyo, Japan͒ enables 3 m lateral resolution and 1.4ϫ 1.4 mm 2 field of view. The sample is placed on a computer-controlled vertical translation stage. The movement of the vertical stage allows imaging at various depths in the sample. Because axial movement of the sample changes the distance the beam propagates in the tissue, the focus and coherence gate become misaligned. Therefore, the reference arm path length automatically adjusts by a distance equal to ͑n 2 −1͒ ͑sample displacement͒ to compensate.
In the reference arm, fiber polarization adjustment paddles are used to match polarization states in the sample and reference arms and maximize fringe visibility. A BK7 glass prism pair matches dispersion of the sample arm objective, and a 0.6 neutral density ͑ND͒ filter reduces reflected reference arm power to an amount comparable to the total power reflected from the sample arm. 11 The light is focused onto a small lightweight mirror glued on a piezo stack. To achieve modulation, the piezo stack is driven by a sinusoidal signal at its resonance frequency, 12 120 kHz. The piezo stack has the maximum input impedance at the resonant frequency, which is coincident with the maximum piezo displacement per volt. A peak to peak driving voltage signal of approximately 7 V corresponds to a displacement of 352 nm = 0.42. At this oscillation magnitude, the sum of the first two harmonic powers of the coherence fringe signal is insensitive to the interferometer phase drift. 6 The square root of this sum of harmonic powers is the fringe amplitude. A photodetector with integrated amplifier and high pass filter ͑2001-FC, New Focus, San Jose, CA͒ senses the light backscattered from the sample and reference arms and eliminates the large direct current ͑DC͒ component. The interferometric signal is fed into the ASP unit, which demodulates the signal. The demodulated signal components are acquired by a dataacquisition ͑DAQ͒ board, and after signal combination and logarithmic compression the computer displays the en face image.
A block diagram of our signal processing electronics is shown in Fig. 2 . The preamplifier stage has a variable gain ͑2-20͒ and is based on a low noise amplifier ͑OP37, MAXIM, CA͒. The preamplifier output is sent to two lock-in amplifiers, 13 which extract the signal amplitude at the first and second harmonics ͑120 and 240 kHz͒. Hoeling et al. 14 described a method for removing OCM signal artifacts due to piezo wobble by using the signal amplitude at the second and third harmonics. For our relatively limited imaging depth, piezo wobble was not noticeable, therefore the higherharmonic method was not employed. However, the electronics can be easily modified if the third-harmonic measurement was desired. Each lock-in amplifier contains two channels for extracting in-phase and quadrature components. The channels each contain an analog mixer ͑AD734, Analog Devices, USA͒ and low pass filter ͑LPF͒ ͑LTC1569-6, Linear Technology, CA͒. A reference signal generator ͑RSG͒ creates 120 and 240 kHz square waves at 0°and 90°phase for the lock-in amplifiers. The 120 kHz, 0°waveform is also low pass filtered ͑LTC1569-7, Linear Technology, CA͒ to create a synchronized sinusoidal piezo driving signal.
The RSG contains a tunable oscillator to provide a 960 KHz CLOCK signal. The oscillator is a 555 timer ͑LM555, National Semiconductor Corporation, USA͒ connected in astable operation mode. Using this CLOCK signal, frequency halving and 90°phase shifting is performed with counters ͑74LS163, Texas Instruments, Dallas, Texas͒. The procedure is outlined in Fig. 3 where the vertical axis represents time. Counter 1 begins counting with number "0000," while counter 2 starts with number "0001." Both counters increase by one at the rising edge of the CLOCK signal. D2, the least significant bit of counter 2, toggles state at every CLOCK rising edge, thus the D2 frequency ͑480 kHz͒ is one-half of the CLOCK frequency. Similarly, the C1 and C2 signals change state at every two CLOCK cycles, creating signals at one-quarter of the CLOCK signal. The phase difference between C1 and C2 is exactly 90°. Therefore C1 ͑240 kHzЄ90°͒ and C2 ͑240 kHzЄ0°͒ represent two of the four reference signals needed. By using D2 as the CLOCK signal for counter 3 and counter 4, the remaining two signals, C3 ͑120 kHzЄ90°͒ and C4 ͑120 kHzЄ0°͒, can be generated.
After mixing the detector output signal with the four reference signals, the LPF rejects harmonics of the carrier frequency and other electronic noise. The signal power at 120 kHz is X 1 2 + Y 1 2 , where X 1 is the first-harmonic in-phase amplitude and Y 1 is the first-harmonic quadrature amplitude. Similarly the second-harmonic ͑240 kHz͒ power is X 2 2 + Y 2 2 . X 1 , Y 1 , X 2 , and Y 2 are directly sent to the computer to compute the fringe amplitude as ͱ X 1
In our implementation, an analog square function is not performed to avoid decreasing the dynamic range of the signal, since a squared weak analog signal can easily be buried by noise ͑for example, squaring a 10 mV signal results in 100 V, which is much lower than our noise floor of 2 mV͒. The 12 bit DAQ board limits the dynamic range of any single OCM image to 72 dB. However, the strongest signal expected when tissue imaging is approximately −30 dB ͑specular reflection at air-tissue boundary͒ so the DAQ board does not limit our ability to measure signals as weak as −100 dB.
MATLAB simulations were performed to verify the demodulation design. A piezo resonant amplitude between 0.38 and 0.46 yielded acceptable demodulation results ͑less than ±10% error͒, with negligible error at 0.42 as expected. Also, LPF type and cutoff frequency were optimized through simulations. The cutoff frequency was set as high as possible while still attenuating the lock-in amplifier sum frequencies to below noise level. A tenth-order Bessel LPF with 60 kHz cutoff frequency was determined to faithfully reproduce an input signal with a broad bandwidth while still attenuating the lock-in amplifier sum frequencies to below noise level. An advantage of the Bessel filter is that it is approximately linear phase, which results in less transient spike than with a nonlinear phase filter.
An important part of biological studies is the ability to examine organisms in vivo without damage. OCM allows such an examination and provides a means to place the examinations in a three-dimensional context. An example image obtained with our OCM system is shown in Fig. 4 . In this figure the cut surface of a carrot tap root is displayed, showing duct and vascular cells. We have also successfully imaged living Arabidopsis plants and the microstructure of excised animal tissues. 
